Abstract: In this work we have investigated the effects of CaCO 3 nanofiller pretreatment on the properties of polyurethane (PU) composites prepared by a mixing procedure. The aim was to enhance interactions at the matrix/filler interface and to improve the distribution of the filler in the polyurethane matrix. CaCO 3 nanofiller was treated with two different functional trialkoxysilanes, viz. γ-aminopropyltriethoxysilane (AMPTES) and γ-glycidoxypropyltrimethoxysilane (GPTMS). Fourier transform IR spectroscopy of the pre-treated CaCO 3 surface indicates that AMPTES formed a high-molecular-weight ladder-type structure on the CaCO 3 surface, while GPTMS was adsorbed in the form of a lower-molecular-weight oligomeric structure. Increased ultimate tensile strength and elongation were obtained for PU + CaCO 3 nanocomposites with silane pre-treated filler. This can be explained as the consequence of better stress transfer through the composite, observed on scanning electron micrographs, due to an improved adhesion between PU matrix and silane-treated fillers. The reinforcement effect is more pronounced for PU composites with aminosilane-treated CaCO 3 filler in comparison to filler treated with glycidoxysilane.
Introduction
The properties of composite materials could be improved by increasing the size of the interface and altering the strength of interactions between polymer matrix and filler. The ultra-fine phase of nanofillers influences the specific structure of nanocomposites [1] , what is responsible for improved or new properties [2] [3] [4] [5] . An increased size of the interface in composites could be achieved by decreasing the size of the particles to nano-dimensions, but simultaneously the degree of particle aggregation increases [6] . The main problem for the composite properties is the achievement of a good filler distribution in the polymer matrix. The particle distribution in the polar polymer matrix depends mostly on interactions between matrix and filler [7, 8] . The addition of surface-modified nanofiller can influence the improvement of the properties through better dispersion of the filler in the matrix and through the modification of interactions at the interface.
Different methods for bonding dissimilar materials such are organic polymer and inorganic filler have been developed in the field of filled plastics. Silanes have wide application as coupling agents between various fillers and matrices [9] [10] [11] [12] , as well as primers in the technology of bonding different materials [13] . Reactive surface treatment of the filler with silane coupling agents results in strong bonds between reactive groups of the silane with both reactive groups of filler and polymer matrix. Silane coupling agents, (R) 4-n -Si -X n , are organofunctional monomers that possess a dual reactivity. This characteristic enables groups X at one end of the molecule (usually chloro, alkoxy or acetoxy) to hydrolyse and form silanols (SiOH), which are then able to condense with similar groups on the substrate. On the other side, the R group is attached through a hydrolytically stable carbon-silicon bond and may be inert or contain a reactive organic group such as vinyl, amino, epoxy, etc.
Silane coupling agents could adsorb on the filler surface in a complex way. Structure and properties of the silane interface depend on the conditions during the modification process (concentration of the solution, solvent, pH of the aqueous slurry of the filler), the specific surface area of the filler, and alkoxy-and organo-functionality of the silane [9, [14] [15] [16] [17] [18] . In general terms it is believed that the silane layer consists of a mixture of chemisorbed and physisorbed material. The physisorbed material consists of silane oligomers that are readily removable by solvent washing. The chemisorbed material can be further subdivided into (i) a surface monolayer: its structure depends critically on the surface of the substrate and on the nature of the organofunctional groups, i.e., its ability to interact with the surface. Above this there is (ii) a layer of tightly bound material and further out (iii) more loosely bound structures [9, [14] [15] [16] [17] [18] . Additionally, silane on the filler surface can form an open high-molecular ladder-type polysiloxane network or low-molecular-weight polycyclic structures depending mostly on the organofunctionality of the silane [14] [15] [16] [17] [18] [19] .
It is now generally recognized that the exact nature of chemisorbed and physisorbed layers plays a significant part in the effectiveness of silane-coated fillers in polymers [9] . The concept of the silane layer on the filler surface as a mixture of chemisorbed and physisorbed material has been extended into the filled polymer itself. In the composite material this idea leads to the concept of the existence of an interface of gradual structure between filler and polymer matrix, the exact properties of which control the composite performance. The nature of the interface will depend on several factors: the structure of the silane, the coating conditions, the nature of filler surface, the nature of matrix polymer, and on the compounding conditions.
Trialkoxysilanes are commercially the most commonly used silanes. They contain alkoxy groups that can react with surface hydroxyl groups of the filler. Modifications of silica, silicates, oxides and hydroxides with trialkoxysilanes were successfully applied [9] . Calcium carbonate filler does not contain surface hydroxyl groups and silanes are generally not found to be effective on surfaces of this filler [9, [16] [17] [18] . According to Ishida [16] the surface acid/base properties (pH of aqueous slurry) influence on the structure of the adsorbed silane. On basic CaCO 3 surfaces a small amount of silane (19%) was chemisorbed. The physisorbed silane that was removed from the surface exhibited in gel permeation chromatography two overlapping oligomeric peaks in addition to the monomeric species. The chemisorbed layer on neutral substrates was identified as highly condensed poly(methacryloyloxypropylsilsesquioxane)s exhibiting extensive Si-O-Si networks, which makes their removal and dissolution extremely difficult. Nakatsuoka et al. [18] have investigated the surface treatment of calcium carbonate filler with γ-methacryloyloxypropyltrimethoxysilane. The physisorbed layer on the calcium carbonate surface consisted of mostly monomeric silane. In the extract from calcium carbonate treated with phosphoric acid before silane deposition (P-CaCO 3 ), the relative amount of polymeric silane coupling agent to the monomeric one has increased as compared to corresponding data for calcium carbonate.
However, some investigations suggest that surface treatment of calcium carbonate filler with some trialkoxysilanes could be successfully applied [19] . By addition of calcium carbonate filler treated with γ-aminopropyltriethoxysilane to the matrix, better adhesion and improvement of the composite properties were achieved even with a non-reactive apolar polypropylene matrix [20, 21] .
The goal of this paper was characterization of calcium carbonate nanofiller (CaCO 3 ) modified by γ-aminopropyltriethoxysilane (AMPTES) and γ-glycidoxypropyltrimethoxysilane (GPTMS), with the aim to investigate the influence of such filler modification on the morphology, mechanisms of failure and mechanical properties of polyurethane + CaCO 3 composites obtained by a mixing procedure.
Experimental part

Pre-treatment and characterisation of the CaCO 3 fillers
In this work precipitated calcium carbonate (CaCO 3 ) (Socal U3 -Solvay Co., Rheinberg, Germany) nanofiller was used with the size of primary particles around 20 nm (gas permeability method) and a specific surface area of 70 m 2 /g (BET adsorption of N 2 at 77 K).
Pre-treatment of the calcium carbonate surface with the two silanes γ-aminopropyltriethoxysilane (AMPTES) and γ-glycidoxypropyltrimethoxysilane (GPTMS) was carried out. The following procedure was used. The CaCO 3 filler was mixed with 1-propanol (weight ratio CaCO 3 : 1-propanol = 1 : 1.334) and homogenized for about 20 min. The silane was added into the mixture (weight ratio CaCO 3 : silane = 1 : 0.3) and the mixture was homogenized for 2 h. It was dried at 130°C and the resulting pretreated fillers were milled.
With the aim to investigate the structure of adsorbed silane, extraction of pre-treated samples was carried out with 1-propanol in a Soxhlet during 4 h.
The non-treated and treated fillers were characterised using Fourier transform IR spectroscopy (FTIR) on an ABB Bomen MB102 spectrometer at a resolution of 4 cm -1 . The particle size distribution of the filler samples was determined using a laser scattering analyser Horiba LA-910.
Preparation and characterization of the PU + CaCO 3 composites
A linear hydroxyl polyester polyurethane matrix in the form of pellets (Desmocoll 130; Bayer, Germany) was used. This polyurethane matrix shows medium crystallization tendency and high plasticity. The composite films were prepared in two stages. To a mixture of PU matrix and filler acetone was added. The weight ratio PU matrix to acetone in the prepared mixture was 30 : 100. Then, the mixtures were poured into a Petrie dish covered with Teflon foil and dried at room temperature for seven days allowing the solvent to evaporate slowly. Polyurethane + CaCO 3 composites (thickness ≈ 0.4 mm) with 6, 12 and 18 vol.-% of non-treated and silane-treated fillers were prepared.
Dispersion of the filler in the PU matrix and mechanisms of failure of PU + CaCO 3 composites were investigated using scanning electron microscopy. Tensile properties of the composite samples were measured with a Zwick 1445 Universal Testing Machine at the following conditions: crosshead speed 100 mm/min, gauge length 30 mm, temperature 23°C.
Characterization of CaCO 3 fillers
By decreasing the size of particles to nano-dimensions, as a consequence of strong cohesion the degree of aggregation increases [5] . With the aim to define the influence of filler treatment on the degree of particle aggregation, the particle size distribution was determined. The particle size distribution of the fillers indicates that primary particles of the non-treated and treated fillers form aggregates ranging from 0.1 to 13 µm (Fig. 1 ). In the SEM micrographs ( Fig. 2) aggregates of the primary particles of the fillers are clearly visible. (3) In spite of the fact that surface treatment with silane decreases the surface free energy of the filler, a decrease of the particle aggregation was not achieved. Particle size distributions (Fig. 1) indicate that there are no significant differences between non-treated filler and fillers pre-treated with AMPTES and GPTMS. Values of the median, X 50,3 (50% of particles are smaller in volume than this value) for all fillers are 2.7 ± 0.2 µm.
It is important to understand the adsorption of the silane on the CaCO 3 surface. Based on the adsorption investigations of silanes on the surface of CaCO 3 microfiller (particle size 2.5 µm) [19] the area occupied by one molecule of different silanes has been evaluated. The area occupied by one molecule of AMPTMS is 0.052 nm 2 and by one molecule of GPTES 0.281 nm 2 . Molecules of both silanes are oriented perpendicular to the filler surface. Taking into account these literature data [19] and the specific surface area of the filler in this work the percentage of surface coverage was calculated. According to this approach and with the hypothetical assumption that the whole surface area of the CaCO 3 filler (A f = 70 m 2 /g) is available for silane adsorption as well as the amount of silanes used in this work, AMPTES is adsorbed in less than a monolayer and GPTMS as a multilayer. For the treatment of CaCO 3 nanofillers the same amounts of both silanes were used, with the aim to exclude effects of concentration on the structure of the silane on the CaCO 3 surface and on the properties of PU + CaCO 3 composites. Many different factors influence the structure of the silane formed on the filler surface: conditions during the modification process (concentration of the solution, solvent, the pH of the aqueous slurry), the specific surface area of the filler, alkoxy-and organofunctionality of the silane. The structure of AMPTES and GPTMS at the CaCO 3 filler surface was investigated using FTIR. FTIR spectra of the non-treated and AMPTES treated fillers are presented in Fig. 3 .
The bands associated with the carbonate ion (713, 874, 1436 cm -1 ) (Fig. 3 , spectrum 1) are visible in non-treated and pre-treated samples. The detailed FTIR spectrum of CaCO 3 filler has been described elsewhere [22] . The FTIR spectrum of the AMPTES pre-treated filler (Fig. 3, spectrum 2) indicates changes in the range 1250 -950 cm -1 . The double bands at 1034 and 1134 cm -1 in the spectrum of the CaCO 3 sample pretreated with AMPTES are assigned to the stretching vibration of the Si-O-Si bond in a relatively high-molecular-weight double-chain, ladder-type structure [19] . FTIR analysis shows that this polysilane structure is insoluble in 1-propanol (Fig. 3,  spectrum 3 ). Adsorption of the aminofunctional silanes in form of high-molecular-weight structures was also confirmed in other investigations [17, 19] . According to Ishida and Miller [17] physically adsorbed γ-methacryloyloxypropyltrimethoxysilane (MPTMS) on a particulate clay forms low-molecular-weight cyclic polysilsesquioxanes. The addition of a small amount AMPTES to MPTMS in the bulk resulted in a structure with higher molecular weight, according to the authors presumably because of the catalytic effect of the amino group. Demijen et al. [19] have investigated adsorption of γ-aminopropyltriethoxysilane on the surface of CaCO 3 filler with a specific surface area much lower (3.59 m 2 /g) than that used in this work (70 m 2 /g). In the FTIR spectrum two well resolved bands that authors assigned to a Si-O-Si ladder-type structure were obtained, similar to our results shown in Fig. 2 .
To confirm the ladder-type structure obtained at the CaCO 3 surface, a sample of the pure monomeric AMPTES (Fig. 4, spectrum 1 ) was left at laboratory conditions. The hydrolysis and polycondensation of monomeric AMPTES resulted in a hard, transparent sample of AMPTES solid. In the FTIR spectrum of AMPTES solid (Fig. 4 , spectrum 2), the same bands at 1034 and 1134 cm -1 assigned to the Si-O-Si structure (Fig. 4, spectrum 3 ) are visible. The similarity with the FTIR spectrum of CaCO 3 (AMPTES) confirms that the same structure is formed at the surface of the CaCO 3 nanofiller (Fig. 4, spectrum 3 ).
In the FTIR spectrum of a CaCO 3 sample pre-treated with GPTMS (Fig. 5, spectrum 2) a different shape of the bands in the 1250 -950 cm -1 range than in the case of CaCO 3 (AMPTES) is visible. The CaCO 3 (GPTMS) sample shows a single strong band at 1107 cm -1 and a very broad shoulder between 1040 and 1070 cm -1 , which are still visible after extraction with 1-propanol (Fig. 5, spectrum 3) . A similar shape of the Si-O-Si band obtained in the FTIR spectrum of GPTMS deposited on aluminium [23] was an indication that silane hydrolysed into a silanol species but did not condense to high molecular weight to any significant extent. According to the investigations of Demijen et al. [19] a large part of GPTES remains on the surface of calcium carbonate filler after extraction probably due to the role of the epoxy ring in the adsorption process. The strong double band of Si-O-Si bond in the DRIFT spectra of GPTES indicated in this case an open, ladder-type structure.
In order to analyse differences in shape and position of new bands that appeared after treatment of the CaCO 3 nanofiller surface with GPTMS, pure GPTMS was mixed with water (weight ratio 1:3) and left at laboratory conditions. After 48 h a gel was formed and after another 24 h a hard transparent film was obtained. The FTIR spectra are presented in Fig. 6 . (3) The FTIR spectrum of the GPTMS gel (Fig. 6, spectrum 2 ) in the range of Si-O-Si vibrations (1200 -950 cm -1 ) shows a band at 1107 cm -1 and a shoulder at 1054 cm -1 , similar to those obtained in the FTIR spectrum of the CaCO 3 (GPTMS) sample (Fig.  5, spectrum 2) . In the spectrum of the GPTMS neat solid sample (Fig. 6, spectrum 3 ) after additional condensation due to water evaporation, two bands similar to the AMPTES sample appear at 1030 and 1134 cm -1 . These bands can be assigned to higher-molecular-weight structures. Bands at 1134 and 1030 cm -1 in the FTIR spectrum of pure AMPTES solid (Fig. 4, spectrum 2 ) were assigned to a highermolecular-weight probably ladder-type Si-O-Si structure [19] .
Investigations presented in the literature indicate that the shape of bands in the 1200 -950 cm -1 range reflects the structure of silane on the filler surface. Investigations of the physisorbed structures extracted from the clay surface after pre-treatment with MPTMS [17] were characterised by broad, poorly separated bands with discernible peaks at 1106, 1080, 1064 and 1040 cm -1 . The authors have characterised that structure as a low-molecular-weight cyclic polysilsesquioxane. As a consequence of heat treatment of the bulk sample, in the FTIR spectra well-resolved bands at 1127 and 1040 cm -1 were noticed, similar to our GPTMS solid sample (Fig. 6, spectrum 3 ). According to the investigations of Demijen et al. [19] a single strong band at 1128 cm -1 and badly resolved bands in the region of 1040 cm -1 were obtained in the FTIR spectrum of CaCO 3 pre-treated with vinylbenzylaminoethylaminopropyltrimethoxysilane. These bands, similar to those we obtained for the CaCO 3 (GMPTS) sample (Fig. 5, spectrum 2) , authors assigned to a low-molecular-weight cage-like structure on the filler surface.
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By taking into account our results and results in literature [17, 19, 23] , it seems that GPTMS formed at the surface of CaCO 3 nanofiller a very complex adsorbed layer with lower-molecular-weight probably polycyclic structures.
The differences in FTIR spectra between CaCO 3 pre-treated with AMPTES and GPTMS observed in Figs. 4 and 5 indicate that on the surface of CaCO 3 nanofiller AMPTES forms a high-molecular-weight ladder-type structure while GMPTS forms a lower-molecular-weight cyclic structure. We expected that this difference in the structure of coatings at the surface of CaCO 3 filler could have consequences on the interactions of the pre-treated filler with the PU polymer matrix.
Morphology and failure of the PU + CaCO 3 nanocomposites
Distribution of filler in the polymer matrix is of great importance for the composite properties. Large filler particles or filler aggregates act as stress concentration points under external stress. In our previous investigations on PVAc + CaCO 3 composites [24] , CaCO 3 nanofiller aggregates were distributed in the form of a net-like structure, while stearate pre-treated nanofiller CaCO 3 and micro CaCO 3 (5 µm) particles were distributed as 'islands' in the PVAc matrix. Those differences in the distribution of the filler in the polymer matrix influenced significantly the mechanism of failure and the mechanical properties of PVAc composites.
SEM micrographs (Fig. 7) indicate that in the PU matrix with non-treated CaCO 3 nanofiller (C, D) and with fillers pre-treated with AMPTES (E, F) and GPTMS (G, H) a homogenous distribution in the form of a net-like structure was obtained. In composites prepared by a simple mixing procedure filler aggregates are still visible, but they are evenly distributed in the PU matrix. According to the micrographs, no better dispersion of aggregated CaCO 3 filler was achieved due to the surface treatment.
The failure mechanisms of PU matrix and PU + CaCO 3 composites (18 vol.-% of filler) were analysed using SEM micrographs taken at the fracture surface of samples after the application of tensile stress to the break (Fig. 7) . The failure in thermoplastic polymers initiates at weak points in the structure and than propagates by shear yielding or crazing through the bulk specimen. According to micrographs (Fig. 7, A and B) the major mechanism of failure in the PU matrix is shear yielding. Boundless of parallel macromolecules formed by ductile failure are clearly visible.
In order to transfer stresses efficiently from the low-modulus matrix resin to the highmodulus mineral fillers, it is necessary that the matrix resin adheres strongly to the filler. In polymer composites the failure may be initiated in the polymer matrix, or at the polymer-filler interface, or within filler agglomerates [25] . Pukanszky [25] suggested the following equation that describes the stress at which dewetting will be initiated in the polymer composites ( σ ):
where is thermal stress, c T σ 1 and c 2 are constants and R is the radius of the filler particles. According to this equation by decreasing the particle size and increasing the work of adhesion at the polymer/filler interface (W mf ) the stress at which dewetting will be initiated increases. Our previous investigations [24] on PVAc + CaCO 3 composites indicated that in composites with micro-particles the mechanism of dewetting at the interface prevailed. However, in PVAc + CaCO 3 nanocomposites a failure was initiated and propagated throughout the polymer matrix due to the fact that the still non-uniform dispersion of nanofiller particles could be partially circumvented by the strong interactions at the interface. By comparison of micrographs of PU composite film with non-treated CaCO 3 filler and with AMPTES and GPTMS pre-treated fillers, differences in the topology of the fracture area were noticed. So-called nodules, regarded as bundles of parallel oriented macromolecules, and voids that were formed as a consequence of shear yielding of the PU matrix are different in size and number depending on the filler pretreatment. At the fracture area of the PU composite with non-treated filler the highest number of nodules and voids per square unit can be observed (Fig. 7C) . Additionally, at a higher magnification (Fig. 7D ) it is visible that some of the nanofiller aggregates dewetted from the matrix. According to these observations it seems that in the PU composite with non-treated CaCO 3 filler failures occurs through both the mechanisms of dewetting and shear yielding of the matrix. In the PU composite with AMPTS pretreated filler the topology at the fracture area is smoother (Fig. 7E) . It seems that in this system the most pronounced mechanism of failure is the cohesive failure in the PU matrix by shear yielding. All nanofiller aggregates are covered with matrix ( Fig.  7F) indicating that in this composite a better adhesion between the AMPTES pretreated filler and the matrix is achieved.
In the PU composite with GPTMS pre-treated filler ( Fig. 7 G and H) the interaction with the PU matrix might be lower and some dewetting processes are visible.
Mechanical properties of the PU + CaCO 3 nanocomposites
Mechanical properties of composite materials depend on the characteristics of matrix and filler and on the matrix filler adhesion in the interfacial region. In this paper the effect of the addition of non-treated and silane pre-treated CaCO 3 fillers (6, 12, 18 vol.-%) on the tensile properties of the PU composites were investigated. Results of strength at break (σ b ) and ultimate elongation (ε b ) are presented in Fig. 8 and Fig. 9 , respectively. (Fig. 8) . It is obvious that pre-treatment of filler with silane resulted in better adhesion, due to strong covalent bonds between the organofunctional group of the coupling agent and the polymer matrix.
In composites with silane pre-treated CaCO 3 fillers higher strength at break was accompanied by an increase in composite elongation (Fig. 9) . Similar properties were found in PU + silica nanocomposites [26] . Authors have found that in these nanocomposites filler particles affected the properties of the PU matrix. They determined two possible origins of such effect: chemical/physical interactions between filler and matrix and effects caused by geometrical constraints of the matrix resulting from the close proximity of the filler particles. There exists also the possibility that the lower-molecular-weight oligomers, which are physically adsorbed on the filler surface, could diffuse into the polymer matrix, playing the role of an internal plasticizer. Han [27] has investigated the effect of reactive (aminopropyl) and non-reactive (octyl) silane on the viscosity of calcium carbonate filled polypropylene. Both silanes markedly reduced the viscosity of the calcium carbonate system. The authors explained this result by the existence of considerable low-molecular-weight oligomers able to act as a lubricant on the calcium carbonate.
Taking into account previous discussions, the higher strength at break obtained for composites with both AMPTES-and GPTMS-treated CaCO 3 fillers in comparison with the effect of non-treated filler can be attributed to the enhancement of adhesion at the interface due to chemical bonding between organofunctional groups and the polyurethane matrix. The observed cohesive mechanism of failure of investigated PU composites is in accordance with this conclusion. The lower degree of adhesion at the interface between PU matrix and non-treated filler resulted in a dewetting mechanism of failure and thus in low tensile strength at break values, i.e., composite weakening, at higher volume fraction of filler. Enhanced adhesion due to the chemical bonding between organofunctional groups, i.e., amino and glycidoxy groups, with the PU matrix resulted in a lower degree of dewetting in composites with GPTMS-treated filler and no visible signs of dewetting in composites with AMPTEStreated filler.
